Elementary semiconductors are rare and attractive, especially for low-dimensional materials. Unfortunately, most of boron nanostructures were found to be metallic, despite of their typical semiconducting bulk structure. Herein, we propose a general recipe to realize low-dimensional semiconducting boron. This unusual semiconducting behavior is attributed to charge transfer and electron localization, induced by the symmetry breaking that divides boron atoms into cations and anions.
The filling of electronic bands has generally distinguished metals and insulator at zero temperature, depending on the position of the Fermi level which lies in a band gap in insulators or inside a band for metals. In elementary bulk, metals possess high number of coordinates with the metallic characteristic due to the electron delocalization, while the number of coordinates in most elementary semiconductors is low except boron (B). The unique electron deficiency enables the formation of complicated bonding in bulk boron phases, 1 where the rhombohedral bulk is comprised of a highly symmetric icosahedral B 12 in a crystalline state. [1] [2] Following the upsurge of graphene, a diverse array of atomically thin materials have been proposed due to their outstanding properties, 3 such as the few-layer black phosphorus and transition metal dichalcogenides (TMDs), which can be designed as low-dimensional optoelectronic devices due to their semiconducting characteristic. [4] [5] The experimental observation of planar clusters (B 35¯, B 36 .et al) are considered to be the precursor for borophene, [6] [7] [8] [9] and boron monolayers have been achieved on the silver (Ag) substrates with hexagonal vacancies of various concentrations and distributions, [10] [11] which have been confirmed by the first-principles calculations. [12] [13] In contrary to the semiconducting bulk, 2, 14 all the two dimensional (2D) boron synthesized by experiments are metallic, [10] [11] and the metallic features are due to the out-of-plane p z -derived bands. [15] [16] [17] Up to now, a number of unique metallic characteristics have been proposed in various 2D boron allotropes, including the visible range plasmonics, 18 Dirac cones [19] [20] and superconductivity. [21] [22] The metallic characteristic of low-dimensional boron is attributed to excess electrons induced by high number of coordinates, e.g. the high energy antibonding states are occupied in the triangular boron monolayer. 15 In order to transfer the excess electrons and decrease the electron delocalization, the symmetry breaking is necessary, including the introducing of the vacancy defect, [15] [16] 23 forming the local covalent B-B bond, and chemical functionalization. In such a case, boron atoms might be divided into cations and anions, where the charge transfer will enhance the electron localization and consequently induce the semiconducting behavior.
To confirm the idea, we introduce covalent interlayer bonding between two triangular boron sheets, which will also enhance the stability of free-standing 2D boron allotropes. [24] [25] Based on the average electron compensation (AEC) mechanism, 26 we show that there is electron excess of 1/3 e for every boron atom in an ideal triangular sheet. For a super-cell with 3n (n=1, 2, ...) boron atoms, 2n delocalized electrons will become localized by forming n covalent bonds between the upper and lower boron sheets. Herein, we reveal that the unusual semiconducting behavior in low-dimensional boron is attributed to the symmetry breaking, followed by the localization of p z orbitals and the charge transfer. All the first-principles calculations were based on the density functional theory (DFT) implemented in the Vienna ab initio simulation package (VASP) method. 27 The electron-ion interactions were described by the projector augmented wave (PAW) potentials. 28 To treat the exchange-correlation interaction of electrons, we chose the Perdew-Burke-Ernzerhof (PBE) functional within the generalized-gradient approximation (GGA). 29 In addition, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 30 and the quasi-particle G 0 W 0 approach 31 were applied for the band gap corrections, and the GW-Bethe-Salpeter equation (GW-BSE) approach [32] [33] [34] [35] was included to investigate the excitonic properties of the 2D semiconductors. More computational details are presented in the Supporting Information (SI).
Taking p(2×3) and p(3×3) bilayers as examples, we have constructed two typical 2D boron allotropes (denoted by R1 and R2) as shown in Figure 1 , with two/three interlayer bonds in R1/R2 respectively. As shown in Figure 1 Table S1 . In addition, the phonon dispersions along all the high-symmetry lines and molecular dynamics snapshots at a higher temperature (see Figure S1 ) indicate that the two new phases have high dynamic and thermal stabilities. and the metastable α sheet. 36 Clearly, the phase diagrams indicated that the monolayer boron phases on various metal substrates are more stable than the boron films at B-poor conditions. However, the synthesis of atomically thin γ 28 film on copper foils has been realized by chemical vapor deposition (CVD) method. 37 The experimental works observed the deposited boron would diffuse into the catalytic Cu surface, and since the system reaches super-saturation, the boron would nucleate as thin film to counteract the continuous feeding of B onto the substrates. 37 The formation energies in the phase diagrams indicated that the B-rich conditions will stabilize the boron films on the metal substrates, since the semiconducting R1 sandwich is more stable than the experimental γ 28 film on Cu(111) substrates, revealling the possibility to fabricate the 2D semiconducting boron allotropes by the control of growth conditions.
Notably, the absorption spectroscopy analysis demonstrated the semiconducting property of the experimental boron film, 37 while the proposed γ 28 film is found to be metallic. 38 Since the R1 sandwich is more stable than the γ 28 film on the metal substrates, we are inclined to believe that the new semiconducting phases proposed by us are close to the phases detected by the experiments. sandwich metal borides, 39 where the boron planes and metal plane act as the "anions"
and "cations", respectively. Based on the structure recognition algorithm, 40 we have Figure S3 ), where there is a sharp increase of p z electrons from the boron planes to the B 6 units. However, the PDOS analysis fails to explain the semiconductor behavior, since the distributions of p z orbitals are almost the same for semiconducting phase(R2) and metallic phase(M2) as shown in Figure S3 .
Next, we have compared the charge distribution of the R2 isomers with three interlayer bonds (shown in Figure 3) . The Bader charge analysis shows that there is charge dissipation in the interlayer B 6 triangular prism of R2, the "cations" part, and the charge will be accepted by the B 3 triangle on the upper/lower planes, the "anions"
part. There is no charge transfer in the other B 3 triangle, e.g. "neutral" part. As shown in Figure 3 (a), the "cations" and "anions" triangles form a honeycomb lattice with the "neutral" triangle trapped in the center of hexagon. The large gap of R2 is attributed to the charge transfer from the "cations" triangles to the "anions" ones, similar to the famous boron nitride monolayer. For the metallic M2 in Figure 3 (b), the charge transfer is mainly from the two B atoms and it is accepted by one B atom, the "neutral" B atoms form a connected network and induce the metallic characteristic.
Similarly, the "neutral" B atoms in metallic M3 (Figure 3c ) form a periodic chain, besides the "cations" and "anions" triangles. Therefore, the connected network formed by the "neutral" B atoms may act as a delocalized metallic channel, and the semiconducting behavior is attributed to the symmetry breaking and charge localization. To have a more comprehensive view of the effect of covalent bond, we have considered the surface decoration with hydrogen (H) adsorption in a boron monolayer, where the B-H bond of adsorption site is a strong covalent bond. Following the idea of AEC mechanism, we have tested 2~5 H atoms adsorption for the 6~15 times super-cells (see Figure S4 ). The band structures in Figure S5 have revealed that all these hydrogen adsorption systems are semiconductors. The strong B-H interactions lead to the redistribution of electron density, which can be confirmed by the obvious charge transfer of B/H atoms. For the RH-2 phase in Figure 4(a, b) , there is charge transfer of 0.524 e from each B atom to H atom at the adsorption site, and therefore the B atoms can be divided into three parts ("cations", "anions" and "neutral"), which is in agreement with the charge distribution in R2 sandwich. For the RH-3 phase in Table S1 , the average formation energy(E form ) difference of the new sandwiches are smaller than 0.03 eV/atom, which due to the close stability of T A and T B . All of the new phases are stable than the boron monolayers 16 and P6/mmm, 25 and R3 is more stable than the semimetallic Pmmn. 24 For potential application in real systems, 2D semiconductors should be grown on a flexible substrate, where the strain effect would inevitably be considered due to the lattice mismatch. As shown in Figure 5 (a), the HSE06 band gap of R2 would be effectively modulated with the biaxial strain from 1.23 to 1.58 eV. Notably, the R2 sandwich would transform to a direct gap semiconductor under the 2% compression strain. In order to obtain the accurate quasi-particle (QP) band gap (E g ), we have We are inclined to believe that the new type 2D boron allotropes may be synthesized on the metal substrates at B-rich conditions, and the proposed efficient 2D
boron-based solar cell may be achieved by experiments. The discovery of semiconducting phases provides more future opportunities for 2D boron allotropes research. 
Supporting Information

Insights into the Unusual Semiconducting Behavior in
Low-Dimensional Boron
The Computational Details:
All structures are fully relaxed until the force on each atom is smaller than -0.01 eV/Å with the cutoff energy of 480 eV. To avoid the interaction between adjacent images, a vacuum region of 21 Å along the z direction was added for the model. To confirm the dynamical stability, the phonon band structures were calculated with the finite displacement method as implemented in the Phonopy program. [1] Thermal stability was also studied using ab initio molecular dynamics (AIMD) simulations with the temperature controlled by a Nosé heat bath scheme.
[2]
Average Formation Energy:
The average formation energy (E form ) of the B sandwiches is defined as E form = (E tot /n − E at ), where E tot is the total energy of the B sandwiches, E at is the energy of an isolated spin-polarized boron atom, and n is the number of B atoms in the cell.
Thermodynamic Phase Diagram:
In order to further examine the stability of different 2D B allotropes deposited on metal substrates, we define the average formation energy(E form ) as
where the E tot , E sub represent the total energy of the B/metal systems and the metal substrates respectively, n is the number of B atoms of the absorbed 2D boron allotropes, A is the area of the Figure S9 . Note that, we modeled the substrate using the five-layer slab with the bottom two layers fixed, considering a few possible configurations of 2D boron allotropes on the substrates where the absolute value of lattice mismatch δ is under 2.5%.
Details of G 0 W 0 Calculations:
In our G 0 W 0 calculations on compressed(-2%) R2, we use a 9×9×1 k-mesh for the Brillouin zone sampling and 261 empty bands (There are 27 occupied bands). The cutoff energy for the plane wave basis set to be 450 eV, and the ENCUTGW is set to be 300 eV. Our test calculations show that the above parameters make sure that the computed band gap has an accuracy of 0.1 eV.
To plot the quasi-particle band structure, we use the approach of maximally localized Wannier functions. [3] Power Conversion Efficiency:
The upper limit of the power conversion efficiency (PCE) η is estimated in the limit of 100% external quantum efficiency (EQE) [4] with the formula given by
where the band-fill factor (FF) is taken to be 0.65, (ℏ ) is taken to be the AM1. 
Number of Electrons:
We have calculated the projected density of states (PDOS) for the 2D boron allotropes, and the number(N) of electrons of the (s, p x , p y and p z ) orbitals for the given B atom is defined as
where E F represents the Fermi level of the system, and D(E) is the PDOS value for the given B atoms. 
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